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CHAPTER I
INTRODUCTION
Introduction
For individuals with spinal cord injuries (SCI), fitness has a
powerful impact on the overall quality of life, including issues of mobility,
endurance, independence, and cardiovascular health. In response to this
need, the last 50 years have seen sport and exercise programs assume a
large role in the rehabilitation of individuals with spinal injuries. An
early investigation into the exercise responses of men with low-level spinal
lesions reported that sedentary individuals with SCI are less fit than the
general population (Zwiren & Bar-Or, 1975). This finding has led to
further research directed at the physiological responses to short- and long-
term exercise (Coutts et al., 1983; Gass & Camp, 1987; Gass et al., 1981), as
well as the resulting training adaptations (Sedlock et al., 1988; Taylor et
al., 1986).
Within the last decade, participation in disabled sport has expanded
tremendously, as has the need for information concerning training
techniques and their effects. Consequently, interest has grown in
determining the physiological response to exercise training in individuals
with disabilities. While the research regarding peak responses to training
in athletes with spinal cord injury has increased within the last two2
decades, very little research has explored factors relating to aerobic
capacity in this population.
The anaerobic threshold (AT) is defined as the highest level of
oxygen consumption that can be achieved before an increase in blood
lactate concentration occurs (Wasserman et al., 1990). Thisaccumulation
of lactic acid is an important determinant of aerobic capacity. During "all-
out" exercise, the highest lactic acid levelscan only be sustained for 60 to
180 seconds before resulting in decreased intensityor cessation of the
activity due to muscular fatigue (McArdle, Katch, & Katch, 1986). The
determination of the AT is frequently utilized to evaluate the aerobic
fitness of individuals, and research has demonstrated that AT is relatedto
endurance performance in able-bodied (AB) subjects (Farrellet al., 1979;
Kumagi et al., 1982).
During aerobic exercise, the rate of lactate production is equalto the
rate of lactate removal; however, upon reaching a certain percentage of
maximal oxygen consumption, the production of lactate exceeds therate of
removal (Brooks, 1985). This resulting accumulation of lactate in the
blood is suggested to occur when there is insufficientoxygen with which to
meet the energy needs of the working muscles through aerobic
metabolism. Under these circumstances, anaerobic glycolytic pathways
are utilized for further energy production, resulting in hastened glycogen
depletion and imminent muscular fatigue. In contrast, exercising below
this critical point results in the ability to sustain exercise for prolonged
periods of time.
The workload that elicits this threshold isan important factor in
developing effective training programs. By training ata workload
immediately below the AT, an individualcan shift the threshold closer to
her/his maximal exercise capacity, thus increasing the abilityto train and3
compete aerobically at higher intensities (Costill, 1970; Davis, Frank,
Whipp, & Wasserman, 1979; Donovan & Brooks, 1983; Sjodin, Jacobs,&
Svedenhag, 1982). In individuals without physical disabilities,it has been
shown that lactate begins to accumulate at approximately 55% of VO2max
in untrained individuals (Costill, 1973), whereas highly trained
endurance athletes can exercise aerobically at 80 to 90% of their maximal
exercise capacity (Davis et al., 1979).
Venous blood sampling (T LAO and gas analysis (T VENT)are two
methods routinely utilized to determine the AT. Closeagreement between
these determinants has been reported in AB research (Caiozzoet al., 1982;
Davis et al., 1976; Ivy et al., 1980), althoughno comparable studies have
been conducted for individuals with spinal cord injuries (SCI).
Wheelchair athletes often seek training advice from the AB athletic
community. T vENT is frequently utilized by ABrunners as an indirect
method of aerobic capacity, related to T .However, TVENT has yet to be
verified as a measure of aerobic capacity in athletes with SCI.
This information may lead wheelchair athletics to thenext level of
endurance training and performance.
Statement of the Problem
The purposes of this study are (a) to determine the lactate and
ventilatory thresholds in men with spinal cord injuries duringa
continuous, progressive exercise test on an arm ergometer, and (b) to
determine the relationship between these thresholds.4
Operational Definitions
The following operational definitions will be employed in thisstudy:
1. Anaerobic threshold (AT) is the highest level ofoxygen consumption
achieved before an increase in blood lactate concentrationoccurs, as
determined by blood sampling and gas analysis.
2. Lactate threshold (TJAC) is the non-linear increase in bloodlactate
concentration, as determined byvenous blood sampling during
graded exercise testing on an arm ergometer.
3. Ventilatory threshold (TvENT) isa non-linear increase in ventilation
(VE) with increasing workloads,as determined by gas analysis
during graded exercise testingon an arm ergometer.
4. Peak oxygen uptake (VO2pk) is the highest level ofoxygen consumption
achieved during the final stages of graded exercise testing.
5. Spinal cord injury (SCI) refers to lesions of the spinal columnthat
result in loss of motor andsensory function.
6. Quadriplegic (Quad), for thepurposes of this investigation, describes a
participant in this investigation witha complete or incomplete
spinal cord lesion above the 6th thoracic vertebrae (T6).
7. Paraplegic (Para), for thepurposes of this investigation, describes a
participant in this investigation with a completeor incomplete
spinal cord lesion at or below the 6th thoracic vertebrae (T6).5
Limitations
A significant limitation in most research on specific, minority
populations is the small subject pool with which to conduct the study. An
extensive sample of subjects for this project is not available, and random
selection of subjects is not possible. Because of the limited subject pool,
this sample may not be representative of the spinal cord injured
population. However, individual subject data may be used in comparison
to others with the same lesion level and type of injury.
Another limitation of this study is the use of venous blood lactate
concentration as a criterion measure for lactate threshold. A sudden
increase in venous blood lactate over resting levels is only an indirect
measure of lactate accumulation in the working muscles. Lactate diffuses
readily into the blood, however, so blood lactate levels should be indicative
of muscle lactate concentration. The blood sample was taken during the
third minute of each progressive exercise stage.
There were also limitations of the protocol utilized in this study.
The protocol was designed to facilitate the determination of blood
parameters as the priority. The 3 minute work stages and the period of
assisted cranking during blood collection have limited the ability to clearly
interpret ventilatory parameters.
Delimitations
The subjects were active men, between 22 and 40 years of age, with
spinal cord injuries. Subjects were involved in wheelchair racing,
wheelchair basketball, and/or quad rugby and likely have higher fitness6
levels than sedentary individuals with SCI. In addition, the subjects have
been injured for a minimum of 3 years.
Therefore, the findings of this study are delimited to activemen with
spinal cord lesions, incurred not less than 3 years prior to testing,
exercising on an arm cycle ergometer in a controlled laboratory setting.
Assumptions
The following assumptions were made during this investigation:
1. All subjects abstained from eating and drinking for 12 hours prior to
exercise testing.
2. All subjects abstained from vigorous exercise for 24 hours prior to
exercise testing.
3. All subjects worked to exhaustion during exercise testing.
4. All subjects exhibited the same perception of fatigue during exercise
testing.
5. All subjects were motivated to try their best during exercise testing.7
CHAPTER II
REVIEW OF THE LITERATURE
The purposes of this examination of the literatureare to present (a)
explanations of the lactate and ventilatory thresholds, (b) therelationship
between these thresholds, as found in the able-bodied (AB) population,and
(c) the application of these thresholds to individuals with SCI.
Threshold Phenomenon
The anaerobic threshold (AT) has been definedas "the parameter
that represents the highest level ofoxygen consumption a subject could
perform without developing a sustained lactic acidosis"(Wasserman,
Beaver, & Whipp, 1990, p.15). This accumulation of lactic acidis also an
important determinant of aerobic capacity. During "all-out"exercise, the
highest lactic acid levels can only be sustained for 60to 180 seconds before
resulting in decreased intensityor cessation of the activity due to
muscular fatigue (McArdle et al., 1986). The principle behindthe
threshold concept is that belowa certain exercise intensity, one can
perform for long periods of time withouta substantial accumulation of
lactate. However, at a certain intensity, lactate releasedinto the blood
exceeds lactate removal, resulting inan increase in blood lactate
concentrations. This event has been describedas the transition from total
aerobic work to aerobic-plus-anaerobic work (Wassermanet al., 1990).8
An early hypothesis for this occurrence suggested that the AT
signaled an absence of 0 2 in the muscle, resulting in the need forenergy
provided by anaerobic metabolism in addition to oxidative metabolism
(Davis, 1985). This hypothesis has been criticizedas researchers disagree
about the physiological mechanisms of the threshold phenomenon.Brooks
(1985) has stated that the hypothetical basis of the AT is not supported.
The primary debate seems to be centered aroundone question: Is it the
production of lactate, or a combination of the production and removalof
lactate which results in an increased concentration ata certain exercise
intensity? Although the mechanisms causing this accumulationare not
completely understood, the phenomenon is real. Nevertheless, it isbeyond
the scope of this paper to describe the controversy beyonda brief
description of the debate surrounding this issue.
AT has implications in many areas of human performance. In
earlier research, this concept was used to determine exercise tolerancein
subjects with cardiorespiratory disease (Wasserman et al., 1973). More
recently, AT has been applied to exercise prescription, theassessment of
endurance training programs, the prediction of endurance performance,
and fiber composition and biochemical properties of skeletalmuscle
(Caiozzo et al., 1982). Yet, a question remains: Is ATan accurate marker
or predictor of these aspects of performance?
Several methods have been used to determine AT, including blood
sampling and gas analysis. For thepurposes of this paper, AT determined
through blood sampling is referred to as lactate threshold (Tukc), whileAT
determined by gas analysis methods is referred toas ventilatory threshold
(Tv-ENT). Several studies have found close agreement between the9
determination of AT by TLAcandTVENT(Caiozzo et al., 1982; Davis et al.,
1976; Ivy et al., 1980.)
Davis and associates (1976) determinedTvENTin able-bodied
subjects utilizing arm ergometry, cycling, and treadmill walking. TJAC
was determined during cycling only. TvENT and TJAC demonstrated a
strong correlation (r=0.95) during cycling. The investigators concluded
thatTVENToccurred significantly earlier during arm ergometry,as
compared to the other forms of exercise. Several explanationswere
suggested for this finding, including the specificity of training and the
smaller muscle mass utilized during arm exercise.
A recent study comparing theTvENTin subjects with SCI (T1- L4) to
AB subjects reported mean values forTVENT,expressed as a percentage of
VO2max, of 66% for SCI subjects versus 51% for AB subjects (Lin et al.,
1993). Specificity of training, and cellular modifications toarm exercise
may explain the higherTVENTobserved in individuals with SCI, as daily
ambulation is dependent upon arm exercise.
Lactate Threshold
The lactate threshold (T LAO is known bymany names: anaerobic
threshold (AT) (Wasserman et al., 1973), onset of blood lactate
accumulation (OBLA) (Sjodin & Jacobs, 1981), individual anaerobic
threshold (IAT) (Stegmann & Kindermann, 1982), maximal steady-state
(LaFontaine et al., 1981), and others. Costill (1970) described this
threshold in terms of the energy cost of running, in whichan increase in
speed above a critical limit (i.e. Tie) results inan accumulation of lactic10
acid. TLAC has also been definedas the metabolic rate at which the
elimination of blood lactate is both maximal and equal to therate of
diffusion of lactate into the blood (Stegmann, Kindermann, &Schnabel,
1981). In yet another study, it has been definedas the work load that
results in a concentration of 4 mmol of lactateper liter of blood (Stegmann
& Kindermann, 1982).
Although the physiological mechanisms by which this
accumulation occurs are controversial and not fully understood (Brooks,
1985; Davis, 1985), the concept is widely used and accepted basedon its
implications for endurance training (Coen et al., 1991; Farrellet al., 1979;
Kumagi al., 1982). Because it is ameasure of the highest metabolic rate
that can be maintained for long periods of time (Davis, 1985),Tux is an
indicator of aerobic fitness.
VO2 max is generally considered to bean indicator of change in the
capacity of endurance exercise (Jacobs, 1986); however, themore
conditioned a person becomes, the smaller the increases in VO2 max. TLAC
may be more sensitive to training adaptations in trained individuals and,
therefore, can be used as a more appropriategauge by which to assess
training effectiveness (Kumagi et al., 1982; Rhodes & McKenzie,1984).
In an important study which determined the relationshipsof
running economy, relative body fat, VO2max, percentage of slow-twitch
muscle fibers, and TJAC to running performance ina marathon, TLAC
yielded the highest correlation,r = 0.98 (Farrell et al., 1979). This
relationship further suggests that TLAC may be a more accurate indicator
of endurance performance than VO2 max, which is typically used for this
purpose. Lakomy, Campbell, and Williams (1987) compared the
relationships of T LAc and VO2 max in individuals with SCI, to race11
performance in a 5 kilometer event. This study yielded correlation
coefficients of 0.87 for Ti Ac and 0.61 for VO2 max, thus suggesting that
TLA0 may also play a more significant role in shorter endurancerace
performance than VO 2 max.
A rationale for the observed relationship between Tukc and
endurance performance in longer distances is basedon the rate of muscle
glycogen breakdown. Glycogen is used 18 to 19 times faster during
anaerobic glycolysis as compared to aerobic metabolism (Davis, 1985).
Since high-intensity exercise results inan increased rate of glycogen
depletion, exercise work loads below TLAc result in more conservative use
of the available glycogen stores allowing prolonged bouts of exercise.
Some researchers believe that the lactate thresholdoccurs at a
given concentration of 4.0 mmol of lactateper liter of arterial blood, while
others believe the threshold occurs anywhere from 2.4 to 4.0 mmol/L
(Astrand & Rodahl, 1986). Stegmann and Kindermann (1982) studied 19
competitive rowers participating in 50-minute bouts of exercise at their
individually determined lactate thresholds, and ata standardized level of
4.0 mmol/L blood lactate concentration. Their results demonstrated thata
concentration of 4.0 mmol lactate per liter of bloodas the lactate threshold
is not universal, and that the determination of each individual's TLike is
preferable.
Stegmann et al. (1981) have suggested that the 4.0 mmol theory does
not consider the role of lactate removal. As a result, a mathematical
model, based on blood lactate concentration, in which the maximalrate of
elimination is determined and accounted for in the detection ofan
individual anaerobic threshold (IAT) has been proposed (Stegmannet al.,
1981).12
In a study published the following year, subjects were tested at their
IAT and at a workload eliciting a lactate concentration of 4 mmol/L
(Stegmann & Kindermann, 1982). Results indicated that at IAT, subjects
were able to perform exercise on rowing ergometers for the full 50 minutes,
whereas they were only able to continue for an average of 14 to 16 minutes
at the 4 mmol/L workload. Although the subjects were in steady-state at
their IAT, it is uncertain whether or not they were truly at their maximal
steady-state, as the term "threshold" implies.
Keith and colleagues (1992) investigated adaptations to leg
ergometry training at T LAc.Three groups of men were utilized for the
study: (a) 8 subjects exercised at steady-state, just below TLAC for 30 min,
(b) 7 subjects altered intensity (7.5 min above TLAC, 7.5 min below TIAC)
for 30 min, and (c) 6 served as controls. The investigators reported large
improvements in ride-time to exhaustion for both active groups. The
authors concluded that equivalent average intensity at T j0, achieved
continuously or intermittently, elicits similar training adaptations.
The determination of TLAC consists of the analysis of blood samples
collected during exercise, while the determination of the ventilatory
threshold (TvENT) consists of gas collection and analysis. The latter
procedure utilizes the measurement of several ventilatory parameters to
determine the threshold value. In the following section, some of the more
frequently used methods of TLAC and TvENT determination will be
discussed.13
Ventilatory Threshold
The responses of certain ventilatory and gas exchange indices
during graded exercise have been collectively used asa determinant of the
anaerobic threshold (AT), and due to the nature of the variables,are
considered to detect what is known as the ventilatory threshold (TvENT).
Some of the frequently used criteria for this determinationare: (a) a non-
linear increase in VE, (b) a non-linear increase in VCO2, (C)a systematic
increase in V ENO 2 without a concomitant increase in V F/VCO2, and (d)an
increase in the gas exchange ratio (R) with an increase in work rate
during an incremental exercise test (Caiozzo et al., 1982; Dickstein et al.,
1990; Wasserman et al., 1973). It was noted that R is the least specific of
the gas exchange methods for measuring AT (Wasserman et al., 1973).
More recently, it was reported that an increase in the ventilatory
equivalent of oxygen (V F/V02) without a corresponding increase in the
ventilatory equivalent of carbon dioxide (VeVCO2) is the most specificgas
analysis criterion for the determination of AT (Wasserman et al., 1990).
An important physiological mechanism behind the detection of
TVENT is thought to be the buffering response to the rise in lactate
concentration (Dickstein et al., 1990; Wasserman et al., 1990).
Bicarbonate buffering of hydrogen ions is a response to the accumulation
of lactic acid, and produces CO 2 and H2O (Dickstein et al., 1990). The
additional CO 2 formed by this buffering is exhaled by the lungs, resulting
in increased minute ventilation (VE) and CO2 production (VCO2). This
causes the VE/VCO2 to remain stable at the threshold, while VE/V02
exhibits a non-linear increase.14
In an effort to eliminate the effect of ventilation volumeon the
determination of TVENT, the V-slope analysis model has been proposed
(Wasserman et al., 1990). In this model VCO2 is plotted against VO2, and
the point at which the increase in VCO2 becomes non-linear is deemed the
threshold value. The authors report that this method is apt to bemore
reliable because it is independent of ventilatoryresponses to exercise, as
opposed to the ventilatory equivalent model, where VE is a factor in the
equation.
During incremental exercise, the rise in VO2 typically remains
linear despite a non-linear increase in VCO2 and VE ata certain intensity
(i.e. Tux). Mathematically, this results inan increased VE/V02 and a
decreased, or non-increasing, VF/VCO2.It has been pointed out that in
some subjects who exhibit irregular breathing patterns during exercise,
the VE/V02 may not predictably rise at this threshold (Wassermanet al.,
1990). In addition, this method of detectionmay not be suitable for
subjects with ventilatory limitations, suchas is common in individuals
with high-level spinal cord lesions, as theymay be unable to increase
VE/V02 above the threshold values. The V-slope analysismay be a more
sensitive indicator in such persons, as ventilation is nota factor in the
determination.
Determination of the Threshold Measures
Tic has been defined as the workload at which blood lactate
concentration abruptly increases (Brooks, 1985). As previously
mentioned, the physiological mechanisms for this phenomenonare not15
completely understood, however it is thought that TLAC is related to
skeletal muscle respiratory enzyme activity levels (Hagberg, 1984).
A common detection method of TLAC is a systematic increase in
blood lactate levels above baseline values (Dickstein et al., 1990;
Wasserman et al., 1986; Yamamoto et al., 1991). Researchers have
traditionally provided data showing a rise in arterialor venous lactate or
a fall in arterial bicarbonate as an indicator of TLAC . Of these, a rise in
arterial lactate was found to be the best marker (Yeh et al., 1983). Most
blood samples described in the literatureare taken from venipuncture
(Caiozzo et al., 1982; Conconi et al., 1982; Davis et al., 1976; Gaesser &
Poole, 1986; Hagberg et al., 1982; Poole & Gaesser, 1985). Yeh, Gardner,
Adams, Yanowitz, and Crapo (1983) found that there isa 1.5 min delay in
venous lactate increase compared to arterial lactate. Nonetheless, several
studies have provided evidence for validity of thevenous blood sampling
method (Caiozzo et al., 1982; Davis et al., 1976; Ivy et al., 1980).
One of the early studies associating ventilationresponses as a
measure of 0 2 supply and demand in the working muscles examined the
respiratory exchange ratio (R) during exercise (Naimark et al., 1964). A
major finding was that the level of work at which R rises significantly
above its resting value corresponded to the level at which arterial lactate
increased and plasma bicarbonate decreased. Thiswas also one of the first
studies to associate ventilatory and lactateresponses to exercise. Since
then there have been several studies which compared the methodologies
commonly used in the detection of T[sm. Three techniques were compared
in a blind study (Dickstein et al., 1990). The methodswere (a) manual
inspection, (b) computerized linear regression analysis, and (c) fixed value
determination. In the manual inspection technique, threeseparate16
observers determined the ventilatory threshold basedupon inspection of
VE, VF/V02, VE/VCO 2, and VCO2NO2 versus time. The lactate threshold
was determined as the point at which the slope of lactate accumulation
increased from baseline values. Fixed value determination utilizeda value
of 4.0 mM blood lactate concentration as themeasure of Tue.
It was determined that each of the three methods of detection had
moderate to high correlations in detecting either the TvENTor the TLAC.
However, they did not compare singular method findings for both the
ventilatory and lactate thresholds. It would have been interesting tosee if
the manual technique, or any of the other methods, determined whether
both the TVENT and the Ti e occurred at similar exercise intensities for
each subject.
An earlier study attempted to answer this questionas four singular
gas exchange indices (V E, VCO2, R, and VEIVO2) were compared to
accurately detect TvENT (Caiozzo et al., 1982). The criterionmeasure to
which they were compared was a systematic increase in blood lactate
concentration above baseline values (T LAC) as determined by blood
sampling. The highest correlation (r= 0.93) was observed between the
ventilatory equivalent method, the non-linear increase in VE/V02, and the
criterion measure (T LAO. Multiple regression analysiswas utilized to
determine TvENT from the VE/V02 data. It was reported that the
ventilatory equivalent method also provided the highest test-retest
reliability coefficient (r = 0.93).
The equipment upon which the subjectsare tested may make a
difference. It has been shown that a progressive exercise teston a cycle
ergometer may elicit a lower (earlier) TvENT than treadmill testing (Koyal
et al., 1976). Unfortunately, TLAC was not determined. A suggested17
explanation for the lower TVENT finding was the greater metabolic
demands on the smaller muscle mass in cycling to generate thesame
power output as on a treadmill. This theory further explains the even
lower TVENT values found during arm exercise (Davis et al., 1976).
In a study designed to measure TvENT in individuals with
McArdle's disease, it was determined that the subjects demonstratedan
increase in ventilation during progressive, incremental exercise despite
decreasing arterial CO2 levels (Hagberg et al., 1982). Individuals with
McArdle's disease lack muscle phosphorylase, andare therefore unable to
produce lactic acid during exercise. This finding suggests thatTVENT and
TLAc are controlled by separate mechanisms,even though they occur at
similar exercise intensities.
Gaesser and Poole (1985; 1986) determined the effects of trainingon
both the lactate and ventilatory thresholds. Three traininggroups were
assembled for the first study, consisting of: (a) 55 min of continuous
exercise at an intensity of 50% VO 2max, (b) 35 min of continuous exercise
at 70% VO2max, and (c) 10, 2-min intervals at 105% VO2max. Each
subject trained on cycle ergometers, 3 days per week for 8 weeks. In all
groups, both TVENT and TLAC increased significantly from pretraining
values, however, the greatest increases in TVENTwere found in the
interval group. No significant differenceswere observed in posttraining
TLAc values among the training groups. In addition,a test-retest
reliability coefficient (r = 0.96) was provided for the TVENT measurements,
which was in agreement with the study by Dickstein and colleagues
(1990).18
Gaesser and Poole (1986) found differing responses to training in
TvENT and TLAC. The exercise protocol consisted of 30 minute sessionsat
70-80% VO2max, 6 days per week. Although pretraining Tvr andTuic
values were not significantly different, the Tue values increased
significantly for each of the 3 weeks, while the TvENT values only
increased slightly over the same period. Despite this dissociation during
the training period, post training values for the two variableswere highly
correlated (r = 0.86). Once again, these findings suggest that TVENT and
TJAC are controlled by different mechanisms and that their relationship
may be more coincidental than cause-and-effect.
Annlication to Disabled Snort
The increasing participation in disabled sport has generated higher
levels of competition as well as increased interest in advancedtraining
and coaching practices. In response to this growing interest, several
studies have determined physiologicalresponses to various types of long
and short term aerobic exercise programs in individuals with physical
disabilities (Coutts et al., 1983; Di Carlo, 1988; Gass & Camp, 1987; Gasset
al., 1981; Gass et al., 1980; Sedlock et al., 1988; Taylor et al., 1986; Zwiren
& Bar-Or, 1975). However, as a result of improved performances, research
efforts should be further directed at theresponse to anaerobic demands as
well. In this area, research has not addressedpersons with disabilities.
Limited research has been conducted with specific referenceto blood
lactate levels in individuals with disabilities. Literature has shown that
subjects with lower limb disabilities have lower peak lactate19
concentrations, and higher lactate threshold values than those foundin
non-disabled subjects during arm ergometer exercise (Flandroiset al.,
1986). This finding is suggested to be the result of cellularmodifications.
Saltin et al. (1976) demonstrateda similar decrease in lactate
concentration in the trained leg of a subject, compared to thesame
subject's untrained leg. This further suggests that the lactatethreshold
may be altered to the specific muscles utilized during training.
Arm ergometers are often used in studies to investigateexercise
responses of subjects with SCI. The reasons for this are numerous.
Advantages and disadvantages ofarm ergometry and wheelchair
ergometry have been addressed (Davis, 1993). Arm crank ergometryis a
portable, non-specific stressor which costs less than wheelchair
ergometry. Additionally, arm ergometry has high mechanical efficiency.
Although wheelchair ergometry isa more mobility-specific stressor for
individuals who use wheelchairs asa primary means of ambulation, its
low mechanical efficiency playsa significant role in a subject's
physiological measurements. There have also been questionsof validity
when replicating studies on various wheelchairergometers. In addition,
the lack of commercial availability tends to be prohibitive.
An early study designed to determine the validity of VO 2pktesting
during arm ergometry against the criterion of treadmill testingin non-
disabled subjects found an interclass correlation of 0.74 (Bar-Or& Zwiren,
1975). The lack of a strong relationship has been suggestedto be the
result of the smaller muscle mass involved inupper body exercise (Davis
et al., 1976). However, Bar-Or and Zwiren (1975) concluded favorabletest-
retest reliability coefficients of r=0.94 for VO2max, and r=0.98 for maximal
VE during arm ergometry.20
Ventilatory threshold valueswere compared for 39 non-disabled
males during arm ergometry, leg ergometry, andtreadmill walk-running
(Davis et al., 1976). Lowest threshold values, expressedas a percentage of
VO2max and determined throughgas collection (TVENT), were recorded
during arm exercise. Leg ergometer valueswere higher than those
determined on the arm ergometer, butwere lower than the treadmill
values. Possible explanations for this findingare that the untrained
subjects utilized their leg muscles toa much greater degree than their
upper body muscles. Specifically, most of the subjects commuted to school
on bicycles. This may have resulted in specific muscle adaptations to such
rhythmic leg exercise. This findingwas in agreement with the
investigation by Davis et al. (1976) mentioned earlier in thischapter.
In a recent study comparing the TVENT in subjects withSCI (T1- L4)
to AB subjects, a significant differencewas found (Lin et al., 1993).
Expressed as a percentage of VO2max, themean TVENT was at 66% for SCI
subjects versus 51% for AB subjects. This gives furtherevidence that
specificity of training, and cellular modificationsmay explain the higher
TVENT observed in individuals with SCI duringarm exercise.
Arm Ereometry Protocols
A problem in the comparison of research findings resultsfrom the
various protocols used to elicit exerciseresponse. These protocols can be
organized into two general groups, discontinuous andcontinuous. The
discontinuous protocols are often chosen for their convenienceof
measurement, as the physiological variablescan be easily measured
during the rest intervals. However, the immediatepost-exercise values21
frequently reflect lower than peakresponse (American College of Sports
Medicine, 1991).
The American College of Sports Medicine(ACSM, 1991) recommends
an arm exercise protocol which increases by 25 wattincrements every 2
minutes; however, most protocols in theliterature consist of variationson
this recommendation. Many utilize smallerincreases in workload with
longer exercise stages. One of the earlieststudies exploring exercise
responses of individuals with lower-level spinal cord injuries(T7-L2)
utilized the ACSM protocol at 50 revolutionsper minute (rpm) to
determine VO2max and maximal VE(Zwiren and Bar-Or, 1975).In that
investigation, the maximal exercise tests beganwith an individualized
workload, such that the duration of thesession would be 5 to 7 minutes.
Incremental workloads of 24.5 watts increasedevery 2 minutes. Mean
peak VE (78.5±18.1 limin) for wheelchairathletes was substantially lower
than recorded in recent studies, whilemean VO2pk (2.07 ±0.41 limin) was
within expected range, in comparisonto recent studies. Similar to leg
ergometry, most protocols maintaina constant pedaling rate, usually 50
rpm. A study designed to examine maximal exerciseresponse used a
slightly higher cadence of 60rpm, yet maintained a relatively low increase
in work stages, 16.3 watts for subjects withinjuries between T6-T10, and
8.2 watts for subjects injured above T6 (Wickset al., 1983). Work stages
were increased every minute. At this rate of increase,exercise test
duration for subjects with lesions aboveC8 were shorter than 5.5 minutes.
The subjects were wheelchair athletescompeting at the 1976 Olympiad,
the top, elite international competition forathletes with physical
disabilities. Those subjects with traumaticSCI reached a mean VO2pk of22
1.97±0.42 llmin, a mean VE of 96.0 ±21.4 1/min, and a mean HR of 179±16
bpm.
During another maximal exercise test, workloadwas again
increased by 16.3 watts, but the exercise stages were 4 minutes long and
the rate of pedaling was the standard rate of 50 rpm (Taylor et al., 1986).
The latter study was designed to determine changing physiological
variables of recreational wheelchair sport participants inresponse to arm
ergometer training, and reported only resting and peakresponses. The
VO2pk reported is in agreement with the current literature, and indicates
that 4 minute intervals did indeed allow fora maximal response.
Lasko-McCarthey and Davis (1991) examined protocol dependency
of VO2max during arm ergometry in Quads. Utilizing 4, 6,or 8 watt
increments during continuous, graded exercise tests, the investigators
observed mean test durations of 15.77, 10.44, and 8.15 minutes for 4, 6, and
8 watt increases, respectively. Mean VO2max valueswere 16.8, 15.3, and
14.6 ml/kg min., for 4, 6, and 8 watts, respectively, indicatinga 13%
decrease from slowest to fastest protocol. Peak values in VE, HR, and
VCO 2 were not found to be significantly different, however.
In a study which compared VO2max and TLAC in individuals with
and without spinal cord injuries (Flandrois et al., 1986),a continuous
protocol was used which consisted of 15 watt increases in work loadevery
2.5 minutes at a pedaling rate of 60 rpm. Lactate thresholdwas
determined by a sudden increase in lactate concentrations observed by
blood sampling from a heated finger. Subjects with lower level SCI (T-12
through L-2) reached T LAC at higher workloads than subjects with higher
level injuries (T-4 through T-7) and achieved higher VO2 measures than
those with higher lesions. Therefore, resultingmean TIC values,23
expressed as a percentage of VO 2pk, were higher in subjects with high
spinal lesions, at 63%, than in subjects with lower lesions, at 59%.
Unfortunately, the lactate values from this studywere not reported for
each work stage or for individual subjects. Asa result, it is difficult to
determine the effectiveness of this protocol in determining threshold
measurements.
In contrast, Davis et al. (1976) utilizedan arm ergometry protocol
with a constant pedal cadence of 50 rpm and small (0.25 kp), increasing
resistance in minute stages. Gas collection and analysis techniqueswere
used to determine ventilatory threshold values, which wouldaccount for
the different protocol for testing. A significantly lower TVENTwas
observed during arm ergometry as compared to leg cyclingor treadmill
walking.
Lin and associates (1993) compared TvENT in individuals with and
without SCI. Thirty-nine sedentary subjects with paraplegia (T1-L4),2
months to 16 years post-injury, and 32 nonathletic AB subjects performed
progressive, continuous arm ergometry exercise to exhaustion. Each
subject cranked at 50 rpm, with 12.5 watt increasesevery minute.
Criteria for TVENT determination included at least 2 of the following: (a)a
non-linear increase in VE, (b) an increase in VE/V02 withouta
corresponding increase in V yvco 2,and (c) an increase in PETO2 without
a corresponding increase in PETCO2. Expressed as a percentage of
VO2max, mean AT values were 61%, 74%, 63%, and 51% for class II (T1-
T5), class III (T6-T10), class IV (T11-L4), and AB subjects, respectively.
Tux values were not determined during this investigation.
McLellan (1985) compared the lactate and ventilatoryresponses
with different exercise protocols. Tenmen randomly performed a 1, 3, or 524
minute, 30 watt incremental exercise teston a leg ergometer. The
investigator found no significant differences in TvENT determinedfrom
the ventilatory method in the 1, 3, or 5 minute incrementaltests. It was
also observed that the VO 2 corresponding to TLACwas similar to TVENT,
whereas significantly lower valueswere observed for the VO 2 at IAT.
In contrast to McLellan's findings, Wasserman (1990)stated that a
faster rate of work-rate increasecan provide clearer detection of the break-
point in the VCO 2-V02 relationship thana slower rate of work-rate
increase. Consequently, work-rate protocols which increasetoo slowly will
result in a break-point that is difficult to observe dueto a lack of isocapnic
buffering. In a continuous protocol, there ismore control over work-rate
increase due to the absence of rest intervals.
A recent study to determine TvENT and TJAC in wheelchairathletes
with cerebral palsy employeda discontinuous protocol (Bhambhani et al.,
1993). Wheelchair and leg cycle ergometry protocols utilized 2min
exercise intervals followed by a 1 min rest interval for bloodsampling.
The ventilatory equivalent methodwas used to identify TvENT and an
abrupt increase in LA concentrationwas the determinant for T LAC. Two
independent evaluators found it difficult to identify TVENT or TJAC in
several subjects. Evaluator 1 identified both thresholds in 7of 11 subjects,
while evaluator 2 identified TvENT in 5 subjects and TLike in 7 subjects.
Suggested explanations for this difficulty included limitationsof the
protocol: (a) the length of work stages, (b) the magnitudeof the work
increments, and (c) the discontinuous nature of the protocol.25
Summary
The topic of lactate, ventilatory, or anaerobic thresholdshas
certainly sparked debate in recentyears. Most people agree that this area
of study demands further exploration. Although the physiological
explanations for this phenomenon are not completely understood,the
available literature seems to suggest that, while TvENT and T LAc may not
be directly related to each other, theyappear to reflect a similar stage in
exercise capacity.
As more is learned about each phenomenon, independentlyof the
other, perhaps a more complete picture will be presentedconcerning the
body's various metabolic and cellularresponses to physical training and
performance. There are many pieces in the human performancepuzzle,
and these are only two more parts of the complex design.
Due to increasing levels of competition in disabledsport, research
exploring advanced training techniques and their effectson performance
is needed to further facilitate growth in thisnew area of athletics. The
determination of the lactate threshold isa valuable piece of training
information for individuals involved in sports requiringcardiovascular
endurance, and may be especially important because of the high
correlations observed between lactate threshold andrace performance,
compared to the weaker relationship between maximaloxygen
consumption and performance.
Concerns in developing an effective protocol for thispurpose are
ensuring a work-rate increase steep enough to enablea clear detection of
the break-point in the VCO 2-V02 relationship, whileutilizing incremental
stages long enough in duration to ensure accurate blood lactate26
measurements and small enough in intensity to allow for enough data
points to determine a non-linear increase from earlier workloads.27
CHAPTER III
METHODOLOGY
Previous research has used TLAC or TENT to determine the
anaerobic threshold in able-bodied populations. This study utilizedgas
analysis and venous blood sampling inan effort to compare the T vENT and
TLAC in individuals with SCI. This chapter describes theproposed
subjects, procedures, and statistical analysis.
Subjects
Seven men with SCI, from 22 to 40years of age, volunteered to
participate in this investigation. All subjects had incurred spinalinjury
at least three years prior to testing; three individuals with lesions above
the sixth thoracic vertebrae (T-6), and four with lesionsbelow T-6.
Participants with high level SCI had adequateupper body strength to grip
and crank the Monark arm ergometer. Subject 3 usedace wraps to
further secure his grip. In addition, all subjectswere participants in
organized wheelchair sport and ambulate primarily with theuse of a
wheelchair. Specific subject characteristicsare presented in Table 1.
Subjects were recruited through personal contact withvarious
wheelchair sport teams, athletes, and coaches in the OregonWillamette
Valley area. Informed consentwas obtained from all subjects in
accordance with the established human subjects protocol of OregonState
University (Appendix A).28
Table 1.
Subject Characteristics
AgeWeight
Subject (vrs)(ke)
Injury
Description
Primary Athletic
Participation
1 36 65.6 C7 Incomplete
9 years post
2 28 86.0 T2 Incomplete
7 years post
3 27 58.5 C7 Complete
6 years post
4 40 74.0 T12 Complete
20 years post
5 22 64.0 T10-12 Incomplete
Congenital
6 23 66.0 T12 Complete
3 years post
7 26 57.0 T10 Incomplete
15 years post
Wheelchair Racing
(competitive)
Quad Rugby
(recreational)
Quad Rugby
(competitive)
Wheelchair Basketball
(competitive)
Wheelchair Basketball
(competitive)
Wheelchair Racing
(competitive)
Wheelchair Basketball
(recreational)
28.9±6.767.3±9.9(mean±SE)
Procedures
All exercise testing was performed in the morning, following a 12-
hour overnight fast to control for various substrate levels in the blood.
Subjects were asked to abstain from activity, other than that required for
daily living, for 24 hours prior to testing. Upon arrival to the laboratory,
subjects were greeted, received an explanation of the investigation and
experimental protocol, and were asked to read the informed consent. After29
any questions regarding the informed consent, the subjectswere asked to
sign the informed consent document priorto their participation.
To begin the study, each subjectwas weighed and prepped for data
collection. Each subject was positioned at theMonark arm ergometer
such that the crank axis height and the subject'sshoulder were in the
same horizontal plane. The subject was tightly secured toa chair (his own
daily use wheelchair, or a chair from the lab) ina manner such that the
subject's arm was just short of full extension whenthe pedal was at 180
degrees from the subject's shoulder. A licensedphlebotomist explained the
blood drawing process and inserteda 21-gauge angiocatheter into the
subject's forearm vein. Immediately priorto testing, each subject relaxed
for 20 minutes. Resting values of HR, V02,VCO 2, VE, and blood lactate
levels (LA) were measured and recorded inthe final minute of the resting
stage.
Each subject performedan incremental, continuous peak oxygen
uptake test (VO2pk) ona calibrated, friction-braked Monarkarm
ergometer. Throughout testing, subjects breathedthrough a two-way
valve, so inspired volumes and expiredconcentration of oxygen and carbon
dioxide could be determined. Ventilatoryparameters were measured
through open circuit spirometry and indirectcalorimetry by the
Sensormedics 2900 metabolic cart system(Sensormedics Corporation,
Yorba Linda, CA). Exhaled airwas monitored continuously for
concentrations of oxygen (02) and carbon dioxide (CO2).Exhaled
ventilatory volume was measured througha mass flowmeter. The
metabolic data were reported in 20sec, breath by breath intervals. The
metabolic cart gas analyzers andmass flowmeter were calibrated prior to
testing using two known gas concentrations anda 3 liter syringe,30
respectively. Heart rate (HR)was continually monitored
electrocardiographically with a standard V5, three-leadplacement. A
Vantage Pace Heart Monitorwas also used to monitor HR. Laboratory
personnel, certified in cardiopulmonary resuscitation(CPR) and basic
cardiac life support (BCLS), administered all exercisetests.
Test protocol varied basedon the subject's level of SCI. Three
subjects with injuries above T-6 (Quad) crankedat a cadence of 60 rpm,
and increased by 6 watts in workloadevery 3 minutes. Elastic bandages
were used to assist one subject (Subject 3) with limited grip.Four
subjects with spinal lesions below T-6 (Para)cranked at a cadence of 70
rpm, with 8 watt increments every 3 minutes (Table 2). Initialworkloads,
ranging from 0 to 16 watts,were determined by the investigators and were
based on individual activity levels. In general,subjects with a higher level
of fitness began the exercise test ata higher workload than those with a
lower level of fitness. Thiswas necessary to prevent extended test sessions
for individuals in better cardiovascular shape.Subjects were verbally
encouraged to give a maximal effort throughoutthe exercise session. This
procedure continued until the subjectwas unable to maintain the
required crank rate, or until volitional fatigue.At this point, the workload
was reduced to unloaded cycling, and subjects warmed down. A finalpost-
exercise LA measurement was recorded.31
Table 2.
VO2pk Exercise Test Protocol
IntervalWorkload Initial
Group LengthIncrementsWorkload Cadence
(min) (watts) (watts) (rpm)
Quad 3 6 0 60
Para 3 8 0 - 16 70
The exercise test protocol described in Table 2 was utilized to
facilitate blood sampling, and may have compromised the ability to detect
a ventilatory threshold. Though previous VO 2max studies have used
protocols with interval stages ranging from 1 to 4 minutes (Taylor et al.,
1986; Wicks et al., 1983), these studies did not determine TVENTor TLAC
Flandrois et al. (1986) utilized a continuous arm ergometry protocol
with 2.5 minute increments in the determination of Tuic in individuals
with and without SCI. By utilizing 3 minute, continuous intervals in the
current study, the investigators' intent was to provide a long enough work
bout to accommodate rising levels of LA, while increasing quickly enough
to detect a clear breakpoint in VE.
TVENT, expressed as a percentage of VO 2pk, was determined by
visual inspection of the ventilatory parameters obtained during the VO 2pk
test. VE, VE/V02, and VENCO 2, were plotted to determine at which point
ventilation rose non-linearly. The point at which the ventilatory
equivalent of oxygen (VE/V02) began to increase non-linearly withouta32
concomitant increase in the ventilatory equivalent ofcarbon dioxide
(VENCO2) was identifiedas TVENT This threshold value was estimated
by two trained individuals in order to control fordifferences in individual
determination of T vENT.In the case of disagreement,a third independent
observer was consulted. The evaluationswere conducted independently
on unlabeled graphs. In all cases, the agreement of at leasttwo observers
was necessary for determination.
Blood was sampled following 20 minutes ofrest and during the last
minute of each workload, in 10 ml volumes obtainedthrough a 21 gauge
angiocatheter, equipped witha three-way stopcock, inserted into a
prominent forearm vein. The angiocatheterwas flushed between
sampling with heparinized saline toprevent clotting. To facilitate blood
drawing, the subject stopped cranking with thecatheterized arm, while
the other arm continued to crank with theassistance of a laboratory
technician throughout sampling (Hookeret al., 1990). The technician
monitored the amount of assistance by only offeringenough "help" to keep
up cadence while maintaining the subject's current heartrate.
The lactate analysiswas performed at the University of Colorado
Exercise Biochemistry Laboratory by G.C. Frey,under the direction of Dr.
R. Mazzeo. For lactate determinations, approximately1 ml of blood was
placed into tubes prepared with 4.5 ml of 8% perchloricacid (HCIO 4) to
deproteinize the blood. The lactate tubeswere weighed before and after
blood sampling to obtain the actual bloodvolume. All tubes were vortexed
immediately after each blood sample.
Plasma lactate levelswere analyzed using the method of Hohorst
(1963). The glycine-hydrazineassay mixture was prepared by combining
8.44 glycine U.S. P., 5.85 g hydrazine sulfate A.R.,0.22 g EDTA-Na2 and33
67.4 ml 2N NaOH. This was added to 100 ml of distilled water, mixedand
refrigerated. Immediately prior to assay, 0.500g NAD+ and 0.125 ml of
LDH suspension (from rabbit muscle, Type II, Sigma Chemical Cl., L-2500)
was added to the assay mixture and the final mixture was 9.5. One
hundred microliter of the sample was pipeted into test tubes, and 1.0 ml of
the assay mixture added. Duplicate sampleswere compared against
blanks of 100 ml of 8% HC104 combined with 1.0 mlassay mixture. The
samples and blanks were vortexed and then placed intoa 37 degree
Celsius water bath for 30 min with continuous, gentle shaking. The tubes
were cooled for 5-10 min and sampled (Perkin-Elmer uv/vis
Spectrophotometer). Lactate levels were determined by the reduction of
NAD+. Reduction of NAD+ to NADHcauses the proportional increase in
the optical density at 340 nM.
[LACTATE] mMol / ml=delta ExFxV / (exd)
where delta E is the change in optical density
F is the sample dilution factor
V is the dilution of filtrate in the cuvette
d is the light path of the cuvette inems
[LACTATE] = (O.D. sample O.D. mean blank) xFxV / 6.2334
Exuerimental Design and Statistical Analysis
An ex post facto experimental designwas employed for this
descriptive study. All subjects were tested for the lactate thresholdand
ventilatory threshold during a single exercise test. Means andstandard
deviations were calculated. Interobserver agreementwas determined to
assess the consistency between evaluators in the determination of these
thresholds.35
CHAPTER IV
RESULTS AND DISCUSSION
The subjects in the present study reflecta wide range of subject
characteristics, fitness levels, muscular andneural function, and athletic
pursuits, similar to that found in the wheelchairsports community (refer
to Table 1). Each individual participant trainedat a different intensity
and level of performance. As expected,their physiologicalmeasures reflect
this variety. Therefore, the significantphysiological differences between
and within groups is not surprising. Indetermining the relationship
between the ventilatory and lactate thresholds,however, each subjectwas
compared only with himself.
Interobserver agreement for thresholddetermination among 2
independent evaluatorswas 57% for T LAC and 100% for TvENT. However,
in case of disagreement,a third evaluator was consulted. Upon
independent determination, evaluator 3concurred with the primary
investigator for an interobserver agreement of71%, T LAc. In all cases,a
minimum of 2 evaluatorswere in agreement in the determination of each
threshold measure.
Peak Exercise Response
Peak values recorded in thepresent study are in agreement with
those reported in the SCI literature, indicatingthat the subjects appear to
have approached near maximal exercisecapacity (Gass & Camp, 1987;
Lakomy et al., 1987; Taylor et al., 1986; Wickset al., 1983) (Table 3).36
Consistent with previous research, subjects in the Para group had
higher peak responses than the subjects in the Quad group in HR, VE, VO2
and LA (Coutts et al., 1983). Since the level of spinal injury has a direct
relationship to the level of functioning, this was anticipated.
Table 3.
Peak Exercise Responses
Group
HR
(bts/min)
VE
(1/min)
V02
(1/min)
R LA
(MM)
Para
Quad
194.5±8.2
134.0±32.0
109.6±31.3
53.9±8.5
2.32±0.32
1.36±0.28
1.18±0.04
1.16±0.04
7.1±1.06
3.2±0.6
This difference was also observed in the length of time the subjects
could continue with the testing session. On average, the Para group
continued the testing for more than eight minutes longer than the Quads
(27.5±8.2 min and 19.4 ±6.8 min, respectively). The different levels of
muscle function and training status within subject groups presented a
challenging task in the determination of an appropriate protocol.
Variability in test length indicates that some of the subjects may not have
reached their maximal exercise capacity. Threshold values for each
subject are expressed as a percentage of the highest oxygen consumption
(VO2pk) recorded by that subject during his exercise test. Absolute values
are reported, rather than values relative to body mass and weight. The
wide range of functional muscle mass from subject to subject renders such
information less valuable.37
Lactate Response
The lactate response dataare provided in Figures 1 through 7. TLAC
for each subject was determined by visualinspection of the data. The
criterion was based upon a non-linear increase invenous blood lactate
levels.
Subjects 1 and 2 were the only Quads to demonstratea T LAC
Subject 1 demonstrated a non-linear increase in lacticacid concentration
at a workload of 36 watts, corresponding to 1.16 1/min VO2, or 69% of
VO2pk (Figure 1). Thiswas not surprising, as he is a competitive racer
with a high level of aerobic fitness. However, the datafor Subject 2 may be
questionable, as he was unable to exercise long enoughto provide a
sufficient number of blood samples (Figure 2). This non-linearincrease at
18 watts may be indicative of Tic. The correspondingVO2 at that
workload was 0.82 1/min, or 68% of VO2pk.
Subject 3 demonstrated no discernible pattern withregard to
lactate concentrations (Figure 3), in contrastto the lactate data of the
other Quad subjects which appeared to rise linearlywith increased
workload. To date, previous research has not reportedT LAC
determinations in subjects with complete cervical spinallesions. As the
controversy surrounding T Like indicates, the physiologicalbasis of this
phenomenon is not yet understood. Perhaps the lack ofneural stimulus in
high level SCI impedes the lactateresponse observed in able-bodied (AB)
subjects and subjects with lower-level lesions.38
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Figure 1. Lactateresponse for Subject 1.39
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Figure 3. Lactateresponse for Subject 3.40
Three subjects in the Paragroup exhibited a lactate threshold.
Subject 4 reached T LAc at a workload of 64 watts,corresponding to 2.16
V021/min, or 83% of his VO2pk (Figure 4). This high thresholdwas not
surprising, as aerobic training onan arm ergometer is part of his exercise
routine. It has been postulated that muscle specificitymay influence T LAC
(Flandrois et al., 1986; Davis et al., 1976). Sincethere are less circulatory
adaptations to training in individuals with spinallesions, training has a
greater effect on cellular metabolism. These cellular modificationshave
been demonstrated by Saltin et al. (1976). Aftertraining only one leg,
lactate production was found to be lower in thetrained leg, as compared to
the untrained, for a given submaximal workload.
Subject 5 exhibited a slight non-linear rise in bloodlactate
concentration at a workload of 56 watts. This determinedT LAC to be at
1.66 VO2 1/min, or 71% VO2pk (Figure 5). Subject6 demonstrated his TJAC
at a workload of 80 watts. Expressed in terms ofoxygen consumption,
TLAC was observed at 1.66 VO2 l/min, 78% VO2pk (Figure 6). Both of these
subjects trained on a daily basis, but they trained invery different ways.
Subject 5, primarily a basketball player, trainedanaerobically on the
court and in the weight room. Subject 6was an elite racer and trained at
an extremely high aerobic level, as his higher TLAC reflects.
Subject 7 exhibited no detectable TLAC , however, the linear pattern
was evident (Figure 7). Although Subjects 5 and 7 had differing levelsof
aerobic fitness, they both had incomplete lesionsat T10. The vast
difference in their lactateresponse cannot be explained.41
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The only previous study to determine TLAc of athletes with SCI,
Flandrois et al. (1986) compared TLAC of individuals with high level
paraplegia (T4-T7), low level paraplegia (T12-L2), and AB subjects.Using
arm ergometry, the investigators found that the high level Paragroup had
the highest T Law, asexpressed as a percentage of VO2pk, followed by low
level Para, and AB. Cellular metabolic capacity, dueto a greater use of the
upper body in individuals with SCI, was offered as an explanation of the
higher TLAC in Paras than AB. However, that doesnot explain the higher
TLAC for high level Paras as compared to low level Paras.A possibility
may be the lower VO 2pk measurements for individuals with higher injury
levels. The limitation of maximal cardiac output in individualswith high
spinal lesions contributes toa lower VO2pk, yet it does not affect
submaximal oxygen consumption to thesame extent. Mathematically,
this may alter the true TLAC when expressed as a percentage of VO 2pk or
VO 2max.
The TLAC values, expressed asa percentage of VO 2pk, for subjects 1
(69%) and 2 (68%) were slightly higher than those reportedby Flandrois et
al. (1986) for subjects in the high Paragroup (63%). Flandrois and
colleagues reported a mean T LAc of 59% VO2pk for the lowPara group,
while in the present study, themean for the Para group is 74% VO 2pk.
The disparity in results may be explained by thedifferences in exercise
protocol and subject fitness levels.
An interesting finding in all subjectswas the absence of a plateau
response in LA concentrations during early workloads. In the AB
population, TLAC is identified as the sudden increase over a plateau of
baseline values occurring during low workloads.Perhaps the44
reduction of functional muscle mass and resulting circulatory limitations
in individuals with SCI impedes the lactate response observed in able-
bodied (AB) subjects and subjects with lower-level lesions. With less
active muscle mass to take-up lactic acid during exercise at low workloads,
subjects demonstrated continually increasing LA concentrations from the
initial workload.
In an investigation of AT in wheelchair athletes with cerebral palsy,
Bhambhani et al. (1993) observed plateaued LA response over low
workloads.This provides further evidence that the reduction of muscle
mass and venous pooling due to traumatic lesions of the spinal cord may
affect the production and removal of lactate.
Ventilation Response
The ventilatory threshold (TVENT) was not detectable in the
majority of subjects. The most specific criterion for the determination of
TVENT is the ventilatory equivalent method (Caiozzo et al., 1982). This
method is based on an increase in the ventilatory equivalent of oxygen
(VF/V02) without a corresponding increase in the-ventilatory equivalent of
carbon dioxide (VE/VCO2) (Wasserman et al., 1990).
Visual inspection of the ventilatory equivalent method was the
primary method used to determine TVENT. Graphs depicting VeV02 and
VENCO2 responses for all subjects are provided in Figures 8 through 14.
Subject 1 demonstrated steadily increasing VF/V02 values, while
VFJVCO2 values held fairly stable, increasing at a lesser rate, from minute
9 throughout (Figure 8). No breakpoint was observed.45
Subject 2 was the only participant from the Quadgroup to exhibit
TVENT. At minute 12, a workload of 24 watts, a small, non-linear increase
was observed in VE/V02, while VeVCO2 remained steady for the next two
minutes (Figure 9). The corresponding VO2 was 0.811/min, 67% of VO2pk.
Subject 3 demonstrated no pattern of linearity at all (Figure 10).
This was a similar finding for Subject 3's lactate data (referto Figure 2).
Subject 3 is the only person in the present study who hada complete
cervical spinal lesion. The lack of innervation tosome of the ventilatory
musculature may result in altered breathing patterns, andmay be
responsible for the large variability in the data.
Inspection of the minute ventilation data offeredno assistance in
detecting TvENT, as VE increased linearly for Subjects 1 and 2, and
curvilinearly for Subject 3. Ventilation data for all subjects is presented
in Appendix B.
Coutts, Rhodes, and McKenzie (1983) reportedno significant
difference in VE/V02 between Quads (C6 to C8), high Paras (T1to T10),
and low Paras (T11 to L3). The investigators concluded that thelower
ventilation of the Quad and high Para groups is in proportionto their
reduced VO 2pk. Therefore, the ventilatory equivalent methodshould not
have limited the detection of TvENT in the Quad subjects in thepresent
study.46
60
Cs1
O
C.)
Ts45- z
G1
O
35-
o
30-
VENTILATORY EQUIVALENT RESPONSE
Subject 1
VE/V02 min
--0-- VE/VCO2 min
20ills .1
0246810 12 14 16 18 20 22 24 26 28 30
Time (min)
Fizure S. Ventilatoryequivalents for 02 andCO2 for Subject 1.47
60 -
cq 55
50
45 -
a
CNI
O 40
35-
0
4.3
30
25 -
20
VENTILATORY EQUIVALENT RESPONSE
Subject 2
VE/VO 2 min
0 VE/VCO2 min
i I
0 24 6 8101214161820
Time (min)
EigiLrra. Ventilatory equivalentsfor 02 and CO2 forSubject 2.
60
55
O
SO
45
g
40
35
o
-5 30
25
Subject 3
VE/V02 min
o-- VE/VCO2 min
20
1
0 2 4 6 8101214161820
Time (min)
Fieure 10. Ventilatory equivalents for02 and CO2 for Subject 3.48
In the Para group, 2 of 4 subjects exhibiteda detectable TvENT. At
approximately minute 26 of the exercise test, ata workload of 72 watts,
Subject 4 demonstrated a sudden non-linear rise inVE/V02 (Figure 11).
Expressed as a percentage of VO2pk, TvENTwas at 83%, or an absolute
value of 2.15 VO 21/min. However,a simultaneous rise occurred in
VE/VCO2. With the work stages 3 minutes long,an explanation for the
increase in V E/VCO 2 may be the lack of isocapnicbuffering. Typically the
buffering of lactic acid at the anaerobic thresholdresults in VE and VCO2
temporarily increasing at the same rate. Thiscauses the VE/VCO2 to
remain stable at the TvENT while VF/V02 exhibitsa non-linear increase.
However, this buffering has been shown notto occur when the increment
duration is long (Davis, 1985). This doesnot account for the fact that this
continuous increase in V F/VCO2was not observed in Subjects 2 and 5.
Subject 5 demonstrateda TVENT at 1.66 VO2 l/min., or 70% VO2pk
(Figure 12). At approximately 21 minutes intotesting, a workload of 56
watts, a non-linear increase in vyvo2was evident, without the
concomitant rise in VE/VCO2.
Ventilatory data for Subject 6 displayeda linear increase of VE/V02
throughout the exercise test (Figure 13).During minutes 23 through 26,a
workload of 80-88 watts, a sudden stability ofVE/VCO2 occurred, along
with a slight increase of VeVO2.This may signal TvENT , however the
breakpoint in V F/V02 was not clear enough to be conclusive.
Interestingly, this event occurred within 1 minuteof Subject 6's detected
TLAc. The long stages of the protocolmay have prohibited a clear
breakpoint in the ventilatory data.49
VE/V02 data for Subject 7 demonstratedno discernible linear
pattern, although the V FJVCO2 data displaysa linear increase (Figure 14).
Similar to Subject 7's lactate data, thereappears to be no threshold.
Aerobic fitness may playa more important role in lactate and
ventilatory response in individuals with SCI thanpreviously suspected.
Lactate and ventilatory data for Subject 7 demonstrateda different
response to incremental exercise from subjects in the Paragroup.
Subjects 4, 5, and 6 demonstrated curvilinearresponses similar to those
reported in AB research,even when breakpoints failed to be detected. The
most notable difference in Subject 7, from the other subjectsin the Para
group, is his aerobic fitness level. Subject 7 trained significantly less than
the other subjects, participating in recreationalwheelchair basketball
practices 2 to 3 times per month. Perhaps individualswith SCI require a
base level of cardiovascular fitness in orderto exhibit "normal" ventilatory
and/or lactate responses to exercise. This hypothesiswarrants further
examination.60
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As explained in Chapter III, three minute intervalswere used to
facilitate blood sampling. During the third minute of each workstage,
blood was sampled from the subject's forearm vein, thus preventing him
from cranking with both arms. At this time, the subjectwas assisted by a
laboratory aide. In an effort to record accurate, continuous ventilatory
data, the aide monitored the subject's heart rate such that theassistance
given would maintain the subject's current heart rate. Nevertheless,
upon examination of the data, a decrease in ventilatory parameterswas
observed. When the subject resumed independent cranking, ventilation
increased accordingly. It was noted that the VEresponse increased at
different rates for different subjects. Thismay have been due to the fitness
levels of the subjects, the length of time to draw the blood sample,or the
amount of assistance given during assisted cranking.
It was suggested that minute 3 of each work stage be deleted from
the data inspection, as the ventilatoryresponse at that time did not
accurately represent the "true" physiological picture. However, thetime
required for the blood samplingprocess was not consistent, sometimes
taking less than 30 seconds, at other times running longer thanthe
minute allotted. These inconsistencies resulted in large variabilityof the
VE response.
Bhambhani and associates (1993) observeda similar occurrence in
their determination of TvEand Tukc in wheelchair athletes with
cerebral palsy. A discontinuous protocolwas used during wheelchair and
leg cycle ergometry. Exercise intervals of 2 minwere followed by a 1 min
rest interval for blood sampling. During the first minute of exerciseafter
rest, the investigators reported diminished ventilatory data, thus
indicating a reduction in the time for ventilatory measurementsto reach53
steady-state at that work stage. Two independent evaluatorsfound it
difficult to identify TVENT in several subjects. Evaluator1 identified
TVENT in 7 of 11 subjects, while evaluator 2 identified TvENT in 5 subjects.
Increasing the length of exercise intervals to 3 min andreducing the
magnitude of the work incrementswere suggested as possible solutions.
Threshold Comparisons.
TVENT was identified in 3 subjects, and TLAC was detected in 5
subjects (Table 4). Among the 3 subjects for whom boththresholds were
determined, individual values for TLAc and TVENT , expressed as a
percentage of VO 2pk, were within 1%. Groupmeans for T Like and TVENT
were also within 1% of each other at 74.0% and 73.3 %, respectively.
Table 4.
Lactate and Ventilatory Thresholds
Subject
Breakpoints
T LAC TVENT
Percentage VO2pk
T LAC TVENT
SUB 1 YES NO 69% X
SUB 2 YES YES 68% 67%
SUB 3 NO NO X X
SUB 4 YES YES 83% 83%
SUB 5 YES YES 71% 70%
SUB 6 YES NO 78% X
SUB 7 NO NO X X
mean±SD (n=3) 74.0±7.973.3±8.554
CHAPTER V
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
Summary
Seven active males, aged 22 through 40, with spinal cord injuries
ranging from the seventh cervical vertebrae to the twelfth thoracic
vertebrae, participated in an investigation to (a) determine ventilatory
and lactate thresholds, and (b) establish the relationship between the two
measures. The workload at which lactate begins to accumulate in the
blood is termed the lactate threshold (T LAO, and is determined by blood
sampling from a forearm vein during an incremental,arm ergometry
exercise test. A gas collection and analysis technique was conducted
during the same exercise test to determine the ventilatory threshold
(TvENT). Data collected from blood samples and gas collectionwere
plotted, and visual inspection was utilized to determine the appropriate
thresholds. For TLAC, the criterion was a non-linear increase invenous
lactate concentration. For TVENT, a non-linear increase in the ventilatory
equivalent of oxygen (VE/V02) without a corresponding increase in the
ventilatory equivalent of carbon dioxide (VE/VCO2) is the criterion. TLAC
and TVENT were identified for each subject.
TJAC was detected for five subjects, and TVENTwas identified for
three. Among those subjects for whom both thresholdswere detected
(n=3), the mean TIAC, expressed as a percentage of VO2pk,was 74.0±7.9
(mean ±SD). The subjects exhibited a mean TVENT of 73.3±8.5 (mean±SD).55
With the small number of subjects and the poor rate of threshold
determination among those subjects, the results must be interpreted with
caution. However, it is encouraging to havea hint of evidence that
suggests TVENT and TIAC signal the process of anaerobiosis in individuals
with spinal cord injuries.
Conclusions
The findings from this study have generated the following
conclusions:
1.Individuals with SCI above the T6 level achieve lower peak
responses in HR, VE, V02, and LA than individuals with spinal
lesions below T6.
2.Reduced muscle mass and circulatory deficiencies in individuals
with SCI may contribute to increasing accumulation of LA during
low-intensity exercise, in contrast to non-increasing LA levels at low
workloads reported in able-bodied individuals.
3.Physically active individuals with spinal lesions below T6
demonstrate ventilatory threshold responses similar to those
previously reported in able-bodied individuals.
4.Individuals with high level, complete cervical lesions demonstrate
different ventilatory and lactate responses to exercise from those
previously reported in able-bodied individuals.56
5.TLAc and TVENT demonstratea similar relationship in individuals
with lower-level SCI as has been previouslyreported in able-bodied
individuals.
Practical Anolications
Individuals with disabilitiesare no longer "hiding" in their homesor
hospitals. Wheelchair athletesare now a common sight on basketball
courts, tennis courts, and the track. Internationalcompetition, including
the Paralympics, has created theopportunity and motivation for athletes
with physical disabilities to train andcompete at elite athletic levels.
As public awareness has led togreater media attention, corporate
sponsorships and prize money have becomeincreasingly available. This
financial incentive has promoted thecompetitive aspect of wheelchair
sport, thus encouraging further research into thephysiological response
to exercise in individuals with SCI.
As wheelchair racers seek to improveperformance, training advice
is often sought from the running community.TyENT is frequently utilized
by AB runners as an indirect method ofaerobic capacity, related to TLAC.
However, TVENT has yet to be verifiedas a measure of aerobic capacity in
athletes with SCI. The data in thepresent study indicate that TLAc and
TvENT may indeed be related in individualswith SCI below the cervical
level. Further examination into the lactateand ventilatoryresponses in
individuals with high-level spinal lesions iswarranted. The effective
utilization of Tux and TVENT in athletes withSCI requires further
investigation.57
Recommendations for Future Research
Previous research has not yet investigated lactate andventilatory
thresholds in individuals with spinal lesions above andbelow T6.
Therefore, information gained during this studymay be used to further
research in this area.
1.Investigations into the health and exerciseresponse of individuals
with SCI typically consist of male subjects. Futureresearch studies
need to investigate the general health ofwomen with SCI and their
response to exercise.
2.A significant limitation in thisarea of research is the low numbers
of subjects. A greater subject pool, grouped by lesionlevel, etiology,
and training status, is necessary for replication of thepresent
study.
3.Additional research needs to focuson exercise response in
individuals with complete and incomplete cervical spinallesions.
Perhaps the inability to detect AT ina subject with a complete
cervical lesion can offer clues to the understanding ofthe
physiological mechanisms that facilitate this threshold.
4.Further investigations are needed to determine theimpact of
aerobic fitness on the lactate and ventilatoryresponses to exercise
in subjects with SCI.58
5.Various protocol adjustments should be tested in the determination
of both TLAC and TVENT during one graded exercise testing session.
Specific adjustments include the following:
(a)For individuals with low-level paraplegia, watt
increments may be increased to 16 watts.
(b)For individuals with high-level lesions, incrementsmay
be lowered to 4 watts.
(c)Stages may be reduced to 2 or 2.5 minutes in length,
provided that the blood drawing process can become
more efficient.
(d)Alternative sites for blood sampling should be
investigated, facilitating a non-interrupted, arm
ergometry, graded exercise test.
(e)It is questionable whether a single protocolcan meet
the needs of all subjects classified into a disability
grouping. Within the SCI population, individualized
protocols may be required to elicit threshold values,
based upon functional muscle mass, aerobic fitness
level, training status, and etiology of the disability.59
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APPENDIX A
Statement of Informed Consent
Relationship between the plasma catecholamine, bloodlactate, and
ventilatory responses to incremental exercise inindividuals with spinal
cord injury.
Investigators: Georgia Frey, MS, John Dunn, EdD, Jeffrey
McCubbin, PhD, and Nancy Blake, BS
Purpose: The purpose of this investigation isto examine the relationship
between the plasma catecholamine (adrenalin andnoradrenaline), blood
lactate and ventilatoryresponses to incremental exercise in individuals
with various levels of spinal cord injury.
Significance: There is no available literatureaddressing the
sympathetic nervous system (where adrenalin andnoradrenaline are
produced) response to exercise in those with spinalcord injury.
Additionally, no study has examined the bloodlactate (as a measure of
intensity) or ventilatory (volume of air taken in bythe lungs) thresholds in
this population. Evaluating these variables willyield important
information concerning the diminished sympatheticresponse in this
population. Evaluating these variables will yieldimportant information
concerning the diminished sympatheticresponse in this population, as
well as the effect it may haveon lactate production, substrate utilization
(fats and carbohydrates) and circulatory (blood)adjustments to exercise.
These data will aid the study participants indeveloping training
programs. It will also give them more knowledge about their body's
physiological responses to exercise.
Participation in this study will requireone laboratory visit. The
approximate time for each session will be two hours.
The following procedures have been explainedto me in lay terms and I have been given the opportunityto ask questions
concerning the testing, research objectives,possible hazards, as
well as potential benefits of participation.I hereby authorize
Georgia Frey, MS, John Dunn, EdD, JeffreyMcCubbin, PhD, and
Nancy Blake, BS, and such assistants theymay select to
administer the following:66
1.Test of Peak Oxygen Consumption (VO2pk)
I will undergo an incremental exercise test which hastwo
objectives. One, to determine the peak aerobic capacity (how much
oxygen the body can use) of my body and two, to ascertain the
dramatic rise in my ventilatory and blood parameters inresponse to
exercise of increasing intensity. The test will require exerciseon an
arm crank ergometer at a certain level of revolutions per minute.
The intensity of the exercise effort will be increaseevery three
minutes by increasing the resistance to cranking. The test shall be
terminated when I feel I can no longer sustain the effortnecessary
to complete another increment. The test may also be terminated if I
feel excessive fatigue or discomfort, and ifany possible clinical
abnormalities are observed in my electrocardiogram (EKG).
My oxygen consumption will be measured while I breatheroom air
through a mouthpiece. I will alsowear a noseclip so that all my
exhaled air can be collected. The discomfort in this procedureis
minimal. My heart rate will be continuously monitored usingan
electrocardiograph (EKG) system. Trained laboratory personnel,
certified in CPR and basic cardiac life support, will administer the
exercise test.
2.Blood Collection
I understand that blood samples will be taken while Iam resting
before the exercise test, and then during the last minute ofeach
work stage during the test. The blood is drawn froma disposable,
sterile, short needle called a butterfly (an indwellingvenous
catheter), inserted and fastened toa prominent forearm vein. This
procedure shall be performed by experienced and trained Human
Performance Laboratory personnel. Approximately 6 ml of blood will
be drawn for each sample. The total amount of blood taken for
analysis should not exceed 60 ml (about 1/4-1/2 cup). These blood
samples will later be analyzed to determine lactate (lactic acid)and
catecholamine (adrenalin and noradrenaline) concentrations.
It has been explained to me that many factors suchas food, caffeine,
physical activity and medication may affectmy blood parameters.
Therefore, I will report to the laboratory in the morning afteran
overnight fast and will not partake in physical activity, other than
that required for daily living, 24 hours before the exercisetest.
However, if I cannot discontinue this type of medication 24hours
prior to testing, I will be excluded from the study.67
3.Risks/Benefits to the Subject
Risks: I understand that there existsno data documenting the risks
associated with peak exercise testing in populationswith spinal cord
injury. However, I have been informed that therisks in large, varied
populations are minimal (approximately 0.5 deathsper 10,000
exercise tests).Since I am young, healthy, active, and haveno
documented symptoms of heart disease, the risk willbe considerably
less. Emergency procedures have been establishedand CPR
personnel are available to deal with unusualsituations which may
arise. I can normally expect to experiencebreathlessness, and
general fatigue during the graded exercisetest, but I can signal the
test to be terminated when I feel too exhausted tocontinue.
There are risks and discomfort inherent in thevenous blood
drawing. A small amount of pain will be experiencedas a needle is
inserted into the vein. There existsa 5% chance that a bruising of
the skin may occur and a less than 1 in 1000 riskthat a bruise will
become infected. However, since sterile blooddrawing techniques
will be used and the procedure will be performedby qualified
personnel, these risks will be much less. Heparinis an
anticoagulant that is used to flush the catheterto prevent blood
clotting. The amount of heparin actually introducedinto the
bloodstream is negligible (perhapsa drop), but there is a very remote
possibility of an allergic reaction to the heparin.Therefore, safety
precautions will require that I stay for approximatelyone hour after
completion of the exercise test to observe for possibleallergic
reactions to the heparin. Finally,some arm muscle stiffness and
soreness may exist for one to two days following the VO2pk test.
Persons at increased risk for Hepatitis Bor HIV (commonly called
AIDS) should not donate bloodor any other bodily fluids and,
therefore, should not participate in this investigation.Persons at
increased risk include men who have had sexualcontact with
another man since 1977, persons who have usedintravenous drugs,
and persons who have had sexual contact witheither a member of
one of these groups or a person who has AIDS.
Benefits: I will benefit frommy participation in this study by
helping contribute to the understanding of theexercise responses in
individuals with spinal cord injury. Thisinvestigation will provide
information concerning the sympatheticnervous system activity
during exercise in individuals whose sympatheticnervous system
has been damaged. I will gain knowledgeconcerning my physical
fitness level and I can utilize this knowledgefor athletic training
purposes.68
4.Confidentiality
The information obtained during this investigation will be treated
as privileged and confidential. The data will be used for statistical
analysis and scientific purposes with my right to privacy retained. I
will be referred to as a numerical figure, randomly assignedto me at
the onset of the study, on all reports and publications of this study.
Following final publication of literature, the code list of numerical
references and corresponding names will be destroyed.
5.Freedom of Consent
I have been thoroughly informed and understand the nature and
purpose of this investigation. The researchers have made it clear
that they will answer all questionsor concerns that I may have. My
participation in this study is completely voluntary. Iam free to deny
my consent at any time without prejudice or loss of benefits
guaranteed by my participation. Questions concerningmy rights as
a subject can be directed to the Institutional Review Board for the
Protection of Human Subjects at the Research Office of Oregon State
University. I understand that Oregon State University does not
provide a research subject with compensationor medical treatment
in the event the subject is injured as a result of participation ina
research project. Questions concerning the studymay be directed to
Georgia Frey (737-3402), John Dunn (737-0732), Jeffrey McCubbin
737-5921, or Nancy Blake (737-3402).
I have thoroughly read this statement of informedconsent
and agree to participate in this study.
Subject's Signature Date
Subject's Address Phone Number
Witness's Signature Date69
Medical Questionnaire
Please answer the following questions to the best ofyour knowlege.
Questions Related to Cardiac Heart Disease Risk Factors
Do you or have you had any of the following:
1. High blood pressure (above 160/90)
(Y)(N)(?)
2. Elevated blood cholesterol (above 240 mg/dl)
(Y)(N)(?)
3.Cigarette smoking
(Y)(N)(?)
4.Family history of heart disease prior to age 50
(Y)(N)(?)
5.Diabetes Mellitus (insulin dependent)
(Y)(N)(?)
Questions Related to Medication
6.Are you currently taking any physican prescribed
medication?
(Y)(N)(?)
7. If you answered "yes" to question 6, please list thename
of the medication and what it is prescribed for in the
space provided below (you are under no obligation to
answer this question).70
Questions Related to Blood Drawing
8. Have you ever been diagnosed witha bleeding
problem (e.g. hemophilia)?
(Y)(N)(?)
9. Have you ever been diagnosed as being allergic to
the anticoagulant heparin?
(Y)(N)(?)
I, the undersigned, realize that this medical questionnaire is used
solely for the purpose of screening potential participants for heart
disease risk factors and medication thatmay conflict with
catecholamine activity.I understand that this procedure is formy
own protection.
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